Infectious bursal disease virus (IBDV) is the causative agent of a highly contagious disease of young chickens which results in immunosuppression in young chicks and mortality in those of 3 to 6 weeks of age (Lukert & Saif, 1991) . The virus infects actively dividing and differentiating lymphocytes of the B lineage in the bursa (Burkhardt & Mfiller, 1987) , specifically those bearing IgM (Hirai & Calnek, 1979) . Classically, mortality peaks by the third day post-infection but death may still occur over the next 5 to 7 days giving a total flock mortality of up to 15% (Parkhurst, 1964) .
In Europe, 'very virulent' (VV) strains of IBDV, which can cause up to 70 % mortality in laying pullets, have emerged since 1986 (Chettle et al., 1989; Van den Berg et al., 1991) . These strains cause lesions typical of IBDV and are antigenically similar to the classical European strains, which have been prevalent for some decades (Oppling et al., 1991) , but can establish infection at levels of maternal antibody that were protective against 'classical' strains (Chettle et al., 1989) .
IBDV is a member of the Birnaviridae (Dobos et al., 1979; Brown, 1986) , a group whose members are characterized as having bisegmented, dsRNA genomes contained within non-enveloped icosahedral capsids (of 55 to 60 nm in diameter in the case of IBDV; Hirai & The nucleotide sequence data reported in this paper have been submitted to the EMBL database under the accession numbers Z25482 (DV86), Z25480 (661, JY86) and Z25481 (CS/89, 74/89A). Shimakura, 1974) . The major structural protein of the virion, VP2, is encoded by segment A as a VP2-VP4-VP3 polyprotein which is auto-cleaved to produce the individual proteins by VP4 protease (Mfiller & Becht, 1982; Azad et al., 1985 Azad et al., , 1987 Hudson et al., 1986) . VP2 displays the greatest amount of amino acid sequence variation between strains (Kibenge et al., 1990) , particularly in the region between amino acids 206 and 350 (Bayliss et al., 1990) . This region has been shown to encode a major conformational epitope for neutralizing monoclonal antibodies; deletion of either of two conserved hydrophilic sequences at the ends of this region prevented binding of neutralizing monoclonal antibody 17/82 (Azad et al., 1987) . American IBDV variants (A, E and GLS), which can circumvent vaccination with standard type 1 strains, have one or two amino acid changes in each of these hydrophilic regions (Heine et al., 1991; Lana et al., 1992; Vakharia et aL, 1992) . It was also noted that an adjacent, serine-rich heptapeptide (S-W-S-A-S-G-S) located after the second hydrophilic region is conserved in pathogenic strains; less virulent strains have fewer serine residues.
The aim of this study was to define the extent of sequence variation between the recent VV isolates of IBDV. Most of the isolates were taken during 1988 and 1989 from different sites in the U.K. but the earliest VV isolate available to us (DV86, isolated in the Netherlands in 1986) was also included. The major antigenic site of VP2 was chosen as the region likely to be most informative given its documented variability. The vari-ation observed between the different isolates would then influence our choice of isolate(s) used for further study, with a view to identifying the determinants of enhanced virulence.
The VV isolates 36/89A, 36/89C, 36/89D, 74/89A, 74/89B, 173/89A and CS/89 (kindly provided by N. Chettle and P.J. Wyeth, Central Veterinary Laboratory, Weybridge, U.K.) were originally isolated by the late J.C. Stuart (Chapelfield Practice, Norwich, U.K.) from various commercial sites in 1988 and 1989. Isolates 661 and JY86 were obtained directly from J. C. Stuart, the former isolated from 10-day-old broilers in May 1989. DV86, an early VV isolate from the Netherlands, has been described previously (Chettle et al., 1989) as has the control classical virulent strain, 52/70 (Bayliss et al., 1990) .
Classical virulent and VV strains cannot be propagated in vitro (McFerran et al., 1980) , therefore they were propagated in vivo. Light Sussex chickens of 4 weeks of age were used for this purpose because, of the strains available, they were the most susceptible to VV isolates (Bumstead et al., 1993) . In order to standardize the isolates, five birds were initially infected intranasally with 0.1 ml of the isolate (usually a bursal homogenate). Three days post-infection surviving birds were killed and the bursa removed. The bursae were homogenized in 1.0 ml/bursa of ice-cold PBS A using a Griffiths tube and centrifuged at 2000 r.p.m, in an IEC Centra-3R using 15 ml Falcon tubes for 10 min at 4 °C. The supernatant was then used to infect the main group which consisted of 20 Light Sussex chickens inoculated intranasally with 0.1 ml of a 10-fold dilution of the prepared bursal homogenate and observed daily at set times. The bursae were removed from any birds that had reached the humane endpoint (those which were prostrate and unwilling to move, eat or drink). Sections of these bursae were taken and fixed in 2 % formaldehyde in saline. Four days post-infection all surviving birds were killed, then the bursae were removed and homogenized for virus extraction.
In the case of all 10 VV isolates, 40 to 100% of the chickens reached the humane endpoint by 3 days postinfection, with the corresponding values for 4 days postinfection being 45 to 100%. These results can be compared with those for 52/70, a classical virulent strain: only 10% and 15% of birds infected with 52/70 had reached the humane endpoint by 3 and 4 days postinfection. Histologically, the bursae from birds infected with VV isolates showed lesions typical of classical virulent strains of IBDV (Cheville, 1967) but they were more pronounced and more extensive, with near complete loss of follicular architecture and highly convoluted bursal walls (data not shown).
Extraction and purification of virus from the bursal homogenate and of viral RNA from the purified virus were as described previously (Bayliss et al., 1990) . Double-stranded RNA was denatured using a method adapted from that ofAzad et al. (1985) in which RNA in 5 mM-sodium dihydrogen orthophosphate pH 6.8 was heated at 100 °C for 2 rain then rapidly frozen. Methylmercuric hydroxide was then added to a final concentration of 2mM, prior to incubation at room temperature for 10 rain. Finally, 2-mercaptoethanol was added to a final concentration of 55 raM, and the denatured RNA was incubated at room temperature for 5min. First strand cDNA was synthesized, using denatured RNA as the template and otigonucleotide MASH-9 (5 ~ ATAATAGCATGCTATGTGAGGCTT-GGTGACC 3', which anneals to bases 660 to 678 of segment A as reported by Bayliss et al., 1990) as the primer, by standard procedures for reverse transcription. The cDNA was amplified by Taq polymerase under standard conditions, using oligonucleotide primers MASH-9 and MASH-10 (5 j AATAGCATGCGAATT-CTGTAGTTCATGGCTCCTGGG 3', which anneals to the complement of bases 1304 to 1323 of segment A).
The amplification was performed using a thermal cycler following the programme 94 °C for 3 min, 25 cycles of 94 °C for 1 min, 45 °C for 1 min and 72 °C for 2 min, and finally 45 °C for 5 rain. The amplified product was purified using the Geneclean II kit (Bio 101), digested with SphI and EcoRI and ligated into M13mpl8 DNA (similarly digested) which was then used to transfect Escherichia coti (TG-1). The sequence of the M13 singlestranded template was then determined by dideoxynucleotide terminator sequencing using the Sequenase Version 2.0 kit (United States Biochemical). The sequence of 582 bases encompassing the VP2 immunogenic domain was determined for four U.K. VV isolates (CS/89, JY86, 74/89A and 661) from bases 702 to 1283 (numbering of Bayliss et al., 1990) . At 15 positions all of the U.K. VV isolates are identical to each other but differ from the sequences of all other classical virulent and tissue culture-adapted IBDV strains (Fig.  1 a) . Only at two positions do the U.K. VV isolates differ from each other, falling into two groups. At position 977, JY86 and 661 have a G, the same as all the other published IBDV sequences, but CS/89 and 74/89A have an A. At position 1070, it is CS/89 and 74/89A which have the G found in all but one of the published IBDV sequences. Isolates 661 and JY86 have an A in common with the sequence of the Australian IBDV strain 002-73. Overall, the U.K. VV isolates differ from other sequenced IBDV strains by at least 29 base changes (and by at least 66 compared to 002-73) but they differ from each other by no more than two bases. The classical strains differ from each other by six to 26 base changes (except for 002-73, which is highly divergent). The predicted amino (a) antigenic variants (A, E and GLS) and attenuated strains (CU-1, PBG98 and 002-73), using nucleic acid (a) or amino acid (b) sequences (identical amino acid sequences have been run as a group). Sequence sources are as for Fig. 1 . The phenograms were produced using DNADIST (using the model of Jukes & Cantor, 1969) , or PROTDIST (using the tables of Eck & Dayhoff, 1966) followed by FITCH (using the 'global' option and shuffling of input order; Fitch & Margoliash, 1967) and drawn using DRAWGRAM. The horizontal (hut not vertical) lengths of the branches are proportional to the expected percentage (shown in parentheses) of nucleic acid or amino acid substitutions based on the observed data. Distances between viruses are calculated as the sum of the horizontal distances only. For example, in (a), strain 002-73 is more diverged from variant E (sum of branch lengths 9.3, 0.2, 0.7, 0.2 and 1.3, which equals 11.7 %) than is strain 661 (sum of 3.4, 0.2, 0.7, 0.2 and 1.3, which equals 5.8 %).
... ~--C CONSENSUS AGATGTCATGGT CC, C~CAAGT~ C T AGC/~TGACCATCCA-GGT C~CAACTATCCAC~GGCCC TC CG? CC CGT CAC~.~GC C TAC C~G~T GGCAAC~ ~T C T GTC GT T ~ ~T C~ T ~T~ TTC~ T~TC C ~T CCT ~ T~C T~TT

SPeI
All the VV isolates examined were from the U.K., so their sequences have been compared with that of the earliest known VV virus (DV86), which was isolated in the Netherlands in 1986 (Chettle et al., 1989) . This would establish whether the sequence homogeneity observed in the U.K. isolates was due to their relatively narrow temporal and geographic distribution. The nucleic acid sequence of the equivalent region of DV86 was determined, showing that it is very closely related to the U.K. VV isolates, differing at only three positions from the U.K. VV sequence (Fig. 1 a) . At position 767, the T seen in classical strains of IBDV is maintained in DV86 but not in the U.K. isolates. Conversely at positions 1135 and 1219, DV86 varies from the sequence of the classical viruses but the U.K. isolates do not. At positions 977 and 1070, where there is variation between the U.K. isolates, DV86 has the same sequence as CS/89 and 74/89A. The amino acid sequence of DV86 shows the same three changes relative to all of the classical strains as were seen in the U.K. isolates. Two additional changes were observed, at positions 335 and 363, the latter being outside the region containing the neutralizing epitope (Fig. 1 b) .
After the completion of our studies, the comparable sequence of a Japanese isolate of VV IBDV was published (Lin et al., 1993) . Between positions 792 and 1151, the nucleic acid sequence of the Japanese isolate differs from all of the European VV isolates only at position 896 (where it also differs from all classical strains; Fig. la) . At positions 977 and 1070, where variation was observed between the European isolates, the Japanese isolate had the same sequence as DV86, CS/89 and 74/89A. The change found at position 1135 in DV86 alone was not present in the Japanese isolate. The amino acid sequence of the Japanese VV isolate is identical to that of the U.K. VV isolates (Fig. 1 b) .
Cluster analysis of the nucleic acid sequence of VV and classical strains indicated that the VV isolates form a homogeneous group which has diverged by 5 to 13 % from all of the classical viruses (Fig. 2a) . They are slightly closer in sequence to the classical virulent strains 52/70 and STC (showing 5% divergence) than to classical tissue culture-adapted strains of low virulence (PBG98 and CU-1), showing 6% divergence. Cluster analysis of deduced amino acid sequences also showed that the VV viruses are more closely related to classical virulent strains 52/70 and STC (showing 2 to 4% divergence) than to classical tissue culture-adapted strains CU-1 and PBG98 (showing 5 to 6 % divergence; Fig. 2b ). By way of comparison, nucleic acid cluster analysis shows that the American antigenic variant E is diverged by 4 to 6 % from classical virulent and VV strains (compared with 11 to 13 % for Australian strain 002-73, the most highly diverged strain). The amino acid sequences of variant E, however, is diverged from classical virulent and VV viruses almost as far as is the most highly diverged strain 002-73 (by 4 to 6 % compared to 5 to 7%), presumably reflecting the specific amino acid changes seen in the antigenic variant.
The origin of the VV viruses is not obvious from our analysis: they are not closely related to any other strain but they share with the classical viruses a high level of divergence from the Australian 002°73 strain. Their nucleic acid sequences are similarly related to both American and European classical virulent strains (STC and 52/70, respectively) . That the European and Japanese isolates are nearly identical in the variable region of VP2 is a surprising result, given their wide geographical separation. The origins of European and Japanese VV viruses may therefore be close. There is as yet no evidence that the mutations observed in the VV isolates are responsible for their enhanced virulence. The closer relationship of the VV viruses to the virulent classical viruses than to the tissue culture-adapted viruses, which show low virulence, suggests that a virulent phenotype poses constraints upon the sequence in this region of VP2. This suggestion is supported by the observation that the serines in the serine-rich region (just after the second hydrophilic region) are conserved in the VV isolates, as they are in classical virulent strains but not in tissue culture-adapted strains of low virulence (Heine et al., 1991) .
The location of the amino acid changes seen in the VV isolates perhaps indicates why no strong antigenic markers specific for VV viruses have yet been identified. Two of the three changes seen only in the VV isolates lie between the two hydrophilic regions thought to form the discontinuous, conformational, neutralizing epitope and are conservative changes in hydrophobic regions (V to I at position 256 and L to I at position 294). The change at position 299 (N to S) is in a less hydrophobic region but this change is shared with the 002-73 strain. One amino acid change is perhaps more likely to induce significant antigenic differences (P to A at 222). It is at a position, within the first hydrophilic region, which is also changed in the antigenic variants A, E and GLS; however, the mutation in variant E was shown not to be responsible for the failure of neutralizing monoclonal antibodies to recognize this site (Heine et al., 1991 ; Lana et al., 1992; Vakharia et al., 1992) . Rather mutations in the second hydrophilic region were shown to be responsible for antibody escape.
